Low-Temperature Passivation of Amorphous-Silicon Thin-Film Transistors With Supercritical Fluids
Moreover, in other records, the high-pressure H 2 O vapor was used to reduce the dangling bonds at the SiO 2 /Si interface and grain boundaries of poly-Si TFTs, with forming Si-O, Si-H, and Si-OH bonds [6] - [9] . Nevertheless, these methods always require a high-temperature ambient (> 200 • C) and long processing duration. For example, high-pressure H 2 O vapor method needs high temperature (> 250
• C) to achieve enough pressure for the H 2 O molecules diffusing into poly-silicon film to repair silicon dangling bonds. In this letter, supercritical CO 2 (SCCO 2 ) fluids technology, which is a low-temperature defectpassivation processing (150
• C), is proposed to effectively decrease the density of states (DOSs) in a-Si:H TFTs. The SCCO 2 fluids have been applied to remove photoresist and impurity in the integrated-circuit (IC) fabrications [10] . Besides, it is an operative method to extract moisture from nanoscale structures, such as porous dielectric material and carbon nanotube [11] , [12] . The SCCO 2 fluids holds liquidlike property that allows it to carry the H 2 O molecules [12] , [13] . Additionally, it also keeps gaslike and high-pressure properties to efficiently diffuse into the amorphous thin film. Therefore, SCCO 2 fluids could be used to transport the H 2 O molecules into the amorphoussilicon film and repairing defects by the H 2 O molecules at low temperature.
II. EXPERIMENTAL PROCEDURES
Conventional back-channel etching a-Si:H TFTs on glass substrate were investigated with SCCO 2 fluids in this letter. The trilayer a-SiN x /a-Si:H/n + -a-Si:H with thickness of 300 nm/150 nm/50 nm, respectively, were formed over the patterned chromium gates in a plasma-enhancement chemicalvapor-deposition (PECVD) system at 300
• C. Afterward, the source/drain metal film was deposited and patterned by microlithography and etch processes. For improving the electric characteristics, one group of a-Si:H TFTs was placed in the supercritical-fluid system at 150
• C for 120 min, where it was injected with a 3000 psi of SCCO 2 fluids mixed with 5 vol.% of propyl alcohol and 5 vol.% of pure H 2 O. The propyl alcohol plays a role of surfactant between nonpolar-SCCO 2 fluids and polar-H 2 O molecules, so that the H 2 O molecules would distribute uniformly over the SCCO 2 fluids. In addition, another group of a-Si:H TFTs with no SCCO 2 treatment was taken as the control sample and only baked on a hot plate at 150
• C for 120 min. The transfer and output characteristics of a-Si:H TFTs were measured by HP 4156-A semiconductor analyzer at 30
• C. (1), (2), (3), and (4) are expressed sequentially as above-threshold, forward subthreshold, reverse subthreshold, and Pool-Frenkel emission regions [14] , respectively. extracting activation energy, the transfer characteristics of TFT devices were also measured at different temperatures, and the DOSs of TFTs were obtained from the resultant analysis of activation energy.
III. RESULTS AND DISCUSSION Fig. 1 shows the transfer characteristic of identical a-Si:H TFT, before and after SCCO 2 treatment. The a-Si:H TFT, with a ratio of channel length (L) to width (W ) 10 µm/20 µm, was operated in linear region at V DS = 0.1 V. The threshold voltage (V t ) of a-Si:H TFTs was defined as normalized drain current (NI DS = L × I DS /W ) reaching 10 −9 A. The subthreshold swing (SS) was calculated from NI DS = 10 −12 A to 10 −10 A, which is a forward subthreshold region. In Fig. 1 , after SCCO 2 treatment, it is observed that the a-Si:H TFT device exhibits a lower threshold voltage, lower SS (from 1.05 V/dec. to 0.82 V/dec.), and slightly enhancing mobility (from 0.30 cm
. For a-Si:H TFTs, the SS and mobility are dependent on the deep states and tail states in the mobility gap of a-Si:H film, respectively [14] , [15] . This indicates that the SCCO 2 fluids could successfully deliver the H 2 O molecules into a-Si:H film at 150
• C and terminating defects by the H 2 O molecules, particularly for deep states. The lower threshold voltage could be attributed to the relaxing of trapped charge from SiN x and the decrease of deep states in a-Si:H film [15] . Additionally, the improvement of leakage current in the reverse subthreshold regime, as shown in region (3) of Fig. 1 , can support the proposed contention again, due to the repairing of DOSs at the back-channel interface [16] .
The output characteristic of a-Si:H TFT was shown in Fig. 2 , and the higher saturation current is achieved after the SCCO 2 treatment. The improvement of saturation current is mainly caused by the lowering of threshold voltage, as a result of insignificant variation in mobility. Besides, after the SCCO 2 treatment, a fine contact between a-Si:H and source/drain metal is retained because of no current crowding in the output characteristics.
For further study, the activation energy, thereby, was extracted from the transfer characteristics at different measured temperatures [17] , and V DS = 0.1 V. The activation energy is defined as E act. = E C − E F , where E C and E F is the conduction band and the Fermi-level energy of a-Si:H film, respectively, as shown in the inset of Fig. 3 . The Fig. 3 shows the plot of activation energy versus the gate-bias voltages. In transient region, i.e., from OFF-state to ON-state, the sharper variation of activation energy exhibits the higher capability for gate-to-control transistor, lower DOSs, and better SS [15] , [17] . After the SCCO 2 treatment, the variation rate of activation energy in transient region increases obviously, so that the improvement of SS is expected exactly, as shown in Fig. 1 . Besides, the lower and higher activation energy at ON-state and OFF-state are corresponding to the higher mobility in the above-threshold region and lower leakage in reverse subthreshold region, respectively. The DOSs in mobility gap of a-Si:H film are shown in Fig. 4 . This distribution is calculated by the followed equation [17] , which is operative in the SS region, i.e., the transient region of Fig. 3 g
where G(E act. ), ε i , d i , and t sequentially are the DOS at E act. , gate dielectric permittivity, gate dielectric thickness, and a-Si:H layer thickness, respectively. From Fig. 4(a) , it indicates that the electrical characteristics of a-Si:H TFTs would not be improved under the heating at 150
• C alone, because of no obvious modification in the DOSs being observed after a baking treatment. In Fig. 4(b) , after the SCCO 2 treatment, the deep states that are caused mainly by the existence of dangling bonds are evidently reduced from 10 17 cm −3 · eV −1 to 10 16 cm −3 · eV −1 , and partial tail states also decrease. Consequently, it is believed that the H 2 O molecules could be effectively transferred into a-Si:H film by SCCO 2 fluids at 150
• C and effectively passivating the dangling bonds by the H 2 O molecules [6] - [9] . Because primary variation occurs in deep states, the enhancement, thereby, is conspicuous in SS but not in the mobility for the SCCO 2 -treated a-Si:H TFT.
IV. CONCLUSION
In this letter, the SCCO 2 fluids technology is successfully used to carry the H 2 O molecules into the a-Si:H film at 150
• C and deactivating the defects. From the experimental results, the deep states are obviously reduced from 10 17 cm −3 · eV −1 to 10 16 cm −3 · eV −1 , and some tail states are depressed via this proposed SCCO 2 processing. Hence, better SS and lower threshold voltage are gained after the SCCO 2 fluids treatment. Additionally, a superior output characteristic is kept during the SCCO 2 processing. This proposed technology, therefore, is applicable to effectively improve the electrical characteristics of a-Si:H TFTs and consistent with the low-temperature manufacture processes.
